: Binding energies of the ions in 30 metalloproteins computed from B3LYP/CEP-121, DFTB3/3OB approximations, and the Drude and C36 force fields.
Ion
: Binding energies (∆BindE) obtained in different functionals with the 6-311++G(2d,2p) basis set for 20 sodium complexes of 193L small model, mean (μ), standard deviation (σ), minimum (min.) and maximum (max.), and the absolute differences between min. and max values of ∆BindE. All numbers expressed in kcal.mol -1 . 0 -35.94 -39.88 -38.61 -37.33 -37.35 -37.23 -35.84 1 -40.78 -41.59 -40.50 -39.63 -39.35 -39.20 -38.03 2 -40.63 -41.43 -40.28 -39.54 -38.82 -38.01 -36.76 3 -38.78 -39.64 -38.42 -37.66 -37.11 -36.50 -35.36 4 -34.39 -35.38 -34.05 -33.56 -33.03 -32.90 -31.97 5 -31.95 -32.93 -31.84 -31.00 -30.51 -29.36 -28.63 6 -42.37 -43.39 -42.06 -41.65 -41.63 -42.57 -41.48 7 -38.17 -39.84 -38.50 a -39.37 -40.26 -39.33 8 -31.27 -32.74 -31.38 -30.92 -31.47 -31.14 -29.91 9 -37.51 -38.43 -35.00 -36.54 -36.62 -37.34 -36.23 10 -38.48 -39.29 -37.60 -37.17 -37.38 -37.92 a 11 -43.30 -44.25 -42.81 -42.70 -43.79 -45.14 -44.33 12 -43.21 -44.09 -42.88 -42.45 -43.49 -44.77 -43.76 13 -37.65 -38.54 -37.27 -36.75 -37.91 -38.05 -37.10 14 -46.24 -47.30 -46.02 -45.80 -47.54 -47.94 -46.85 15 -40.20 -41.15 -39.61 -39.44 -41.08 -41.64 -40.70 16 -50.20 -50.85 -49.66 -49.62 -50.71 -52.33 -51.20 17 -47.39 -48.22 -46.91 -46.94 -47.24 -48.33 -47.27 18 -43.75 -44.52 -43.44 -43.11 -43.40 -44.29 -43.26 19 -39.00 -39.97 -38.64 -38.07 -38.79 -39.32 -38.14 μ -40.1 -41.2 -39.8 -39.5 -39.8 -40.2 -39 -50.2 -50.9 -49.7 -49.6 -50.7 -52.3 -51.2 max -31.3 -32.7 -31.4 -30.9 -30.5 -29.4 -28.6 δ 18.9 18.1 18.3 18.7 20.2 23.0 22.6 Table S3 : Binding energies (∆BindE) obtained in different functionals with the 6-311++G(2d,2p) basis set for 20 calcium complexes of 2AAA small model, mean (μ), standard deviation (σ), minimum (min.) and maximum (max.), and the absolute differences between min. and max values of ∆BindE. All numbers expressed in kcal.mol -1 . 0 -586.81 -588.06 -580.64 -588.36 -594.67 -603.48 -598.87 1 -598.29 -599.99 -592.22 a -609.76 -619.84 -615.11 2 -587.73 -589.49 -581.98 -589.82 -598.11 -607.50 -602.50 3 -593.10 -594.06 -586.44 -599.00 -602.64 -611.17 -607.30 4 -594.30 -595.39 -585.85 -595.73 -603.90 -613.17 -608.91 5 -599.98 -600.71 -592.43 -601.20 -610.50 -621.00 -615.99 6 -596.91 -598.52 -590.42 -598.72 -607.27 -616.48 -612.21 7 -586.81 -589.43 -579.67 -589.49 -597.48 -607.67 -602.46 8 -592.34 -593.90 -585.63 -597.31 -602.34 -611.61 -607.09 9 -592.57 -594.25 -585.66 -598.53 -602.99 -612.40 -607.69 10 -600.21 -600.82 -592.53 -602.68 -612.11 -622.58 -618.25 11 -597.57 -598.73 -590.56 -599.97 -607.56 -617.50 -612.34 12 -592.46 -594.01 -586.15 -593.87 -601.33 -610.76 -606. 14 13 a -598. 72 -589.72 -604.98 -608.48 -619.26 -614.01 14 -600.77 -601.74 -594.35 -602.55 -609.26 -620.81 -614.36 15 -595.53 -596.95 -588.04 -600.26 -605.09 -614.49 -610.15 16 -591.59 -593.61 -584.73 -593.72 -598.92 -608.86 -603 -594.75 -596.27 -587.94 -597.56 -604.38 -614.78 -610.03 σ 4.56 4.17 4.33 4.87 4.97 5.51 5.49 min -601.80 -602.45 -595.04 -604.98 -612.11 -622.58 -618.25 max -586.81 -588.06 -579.67 -588.36 -594.67 -603.48 -598.87 δ 14.99 14.39 15.37 16.62 17.44 19.10 19.38 Table S4 : Binding energies (∆BindE) obtained in different functionals with the 6-311++G(2d,2p) and CEP-121 basis set and with DFTB3/3OB for 20 sodium complexes of 193L small model, mean (μ), standard deviation (σ), minimum (min.) and maximum (max.) , and the absolute differences between min. and max values of ∆BindE. All numbers expressed in kcal. -40.6 -38.8 -38.0 -39.4 -39.1 -43.9 -43.2 -44.3 3 -38.8 -37.1 -36.5 -37.5 -37.5 -40.8 -40.3 -43.1 4 -34.4 -33.0 -32.9 -33.7 -34.0 -37.2 -37.8 -36.5 5 -32.0 -30.5 -29.4 -30.7 -30.5 -34.2 -34.3 -36.4 6 -42.4 -41.6 -42.6 -42.2 -43.7 -45.8 -47.1 -46.4 7 -38.2 -39.4 -40.3 -39.6 -41.3 -42.4 -44.2 -45.1 8 -31.3 -31.5 -31.1 -31.1 -31.9 -34.3 -35.0 -38.6 9 -37.5 -36.6 -37.3 -37.0 -38.2 -39.3 -40.4 -43.3 10 -38.5 -37.4 -37.9 -37.3 -38.3 -37.7 -38.6 -48.1 11 -43.3 -43.8 -45.1 -43.9 -45.9 -45.6 -47.6 -52.3 12 -43.2 -43.5 -44.8 -43.9 -45.6 -46.4 -48.3 -48 .6 13 -37.7 -37.9 -38.1 -37.3 -38. -50.2 -50.7 -52.3 -51.1 -53.5 -54.7 -57.0 -56.6 max -31.3 -30.5 -29.4 -30.7 -30.5 -34.2 -34.3 -36.4 δ 18.9 20.2 23.0 20.4 23.0 20.5 22.8 20. 3 Table S5 : Binding energies (∆BindE) obtained in different functionals with the 6-311++G(2d,2p) and CEP-121 basis set and with DFTB3/3OB for 20 calcium complexes of 2AAAL small model, mean (μ), standard deviation (σ), minimum (min.) and maximum (max.), and the absolute differences between min. and max values of ∆BindE. -586.8 -597.5 -607.7 -570.3 -589.9 -635.5 -651.4 -664.1 8 -592.3 -602.3 -611.6 -578.9 -596.9 -634.8 -649.5 -660.4 9 -592.6 -603.0 -612.4 -579.3 -598.0 -638. 618.4 -584.9 -603.6 -639.8 -655.4 -668.4 μ -594.7 -604.4 -614.8 -580.1 -599.3 -636.4 -651.7 -662.1 σ 4.6 5.0 5.5 5.5 5.9 5.4 5.7 5.8 min -601.8 -612.1 -622.6 -587.9 -607.3 -643.9 -659.9 -671.4 max -586.8 -594.7 -603.5 -570.3 -588.3 -622.4 -637.0 -648.0 δ 15.0 17.4 19.1 17.6 19.1 21.6 22.9 23.3 
Frame PBE PW91 BLYP TPSS B3LYP M11 B2PLYP

Basis Set and Functional Validation.
To provide a validation of the functionals and the basis sets used in the energetic calculations of this work, the atomization energies of a set of 22 small molecules and the binding energies of a set of 30 small simple reactions involving the cations Na + , K + and Ca 2+ were investigated. The Gaussian version 4 composite method (G4) was used as a reference/standard method to calibrate the functionals PBE, BLYP, PBE0, B3LYP, TPSS, M11, B2PLYP, B2T-PLYP, B2K-PLYP and B2GP-PLYP on the basis sets Def2-SVP, 6-31+G**, 6-31++G**, 6-311++G(2d,2p), CEP-121 (SBKJCECPs) and SDD (Stuttgart-ECPs). For the binding energy training set Grimme's D3 dispersion scheme was also employed, although it should not be so important for such small molecular systems. In both the atomization energy and the binding energy calculations the G4 molecular optimized geometries were used rather then the local method/basis optimized structures. This validation was done in both NWChem and GAMESS packages because of some numerical problems found in some cases. To guarantee the transferability between functionals, basis sets and softwares, a reference radial grid of 200 points, angular grid of 1202 points and a density convergence criteria of 1.0e-8 was used in all DFT calculations in both softwares (very fine integration grid and tight convergence criteria). G4 calculations were done in Gaussian09-A2 software and the integration and optimization criteria were set at a very accurate level, no constraint nor point symmetry was employed for the systems during the G4 calculations.
In Table S7 are presented the experimental atomization enthalpies, free energies and entropic component calculated using the experimental standard formation thermodynamic functions. G4 presented a mean absolute deviation of 2.1 kcal/mol for a set of 22 atomization enthalpies with a standard deviation of 2.2 kcal/mol, the free atomization energies mean and standard deviation are 2.0 and 1.8 kcal/mol respectively, and the mean absolute deviation of the entropic factor are below 1.0 kcal/mol. Large deviations were obtained for Ca2, KOH, NaCN and KCN, more then 4.0 kcal/mol as shown in Table S7 . For all the other cases the atomization enthalpy deviations are close to the value of 2.0 kcal/mol. As it is shown in Table S7 , G4 atomization enthalpies are very close to the experimental values with a precision around 2.0 kcal/mol which is quite good considering that this training set contains heavy atoms like Ca and K and the atomization energies involved differences between closed-and open-shell systems. The G4 composite method can be considered a good theoretical reference for our validations; however, in the G4 protocol there are some parameters fitted to get the smallest deviation with experimental results such as high-level correlation (HLC) due to open-shell systems, spin-orbit coupling and harmonic frequencies scaling factors. These factors in the G4 method can be considered empirical terms and in a straight interpretation do not reflect directly the electronic structure or perturbation to the electronic structure. Because of this in all our validations we excluded all empirical contributions to the G4 energies and thermal corrections due to rigid body and vibrational motions, leaving only the real electronic G4 energies that are related strictly to the dynamic correlation effects and the completeness of the basis set. Figure S14 presents the mean and the standard absolute deviation of the atomization energies of the same 22 small molecules shown in Table S7 , considering the G4 method as the standard reference. First of all, neither of the pseudopotential basis sets(CEP-121 and SDD) are good enough to reproduce the predicted atomization energies on the same accuracy level as G4. The typical mean absolute deviation in all evaluated functionals for CEP-121 and SDD is around 25 kcal/mol. This large deviation can be associated with the absence of polarization and diffuse extra functions in these ECPs basis sets. Polarization and diffuse functions may take an important role in the prediction of atomization energies. When an all-electron basis set is employed, the typical mean absolute deviation stays below 10 kcal/mol in most cases of tested functionals, or close to this value. The Def2-SVP basis set has almost the same size as 6-31++G** but the atomization energies predicted with Def2-SVP are much better. The 6-311++G(2d,2p) basis can be considered the best basis set to reproduce, for all functionals, the same predicted atomization energies as the G4 method. As can be shown in Figure S14 , B3LYP and PBE0 presented better performance than M11 and the double hybrid functionals are not so much better than B3LYP or PBE0. The mean absolute deviation of B3LYP and PBE0 on 6-311++G(2d,2p) lies below 5 kcal/mol. On Tables S8 to S13 are presented all individual values of the deviation from G4 atomization energies. The values obtained with the 6-31+G** are numerically similar to 6-31++G** and they are only presented in Table S9 . This means that the extra diffuse function for H atoms does not change significantly the results obtained with 6-31++G**, the extra polarization p function of H atoms has a more important role in predicting the atomization energies. The atomization energies training set was used in principal to check the quality of the G4 method as a theoretical reference for calculations involving the atomic species Na, K and Ca. A very large basis set and a high level of dynamic electronic correlation are needed to reproduce very accurate atomization energies. Hence, this training set was also used to show the main response of different functionals in different basis sets (all-electron and ECPs) to predict the atomization energies. Our calculations show that B3LYP and PBE0 are good functionals to be used although today many papers support M11 and double hybrids as new standard reference functional. We observed that good results were had when a large basis set was used rather than M11 or a double hybrid functional.
A second more realistic training set to predict binding energies was investigated with the same functionals and the same basis sets used in the atomization energy calculations. The binding energies in the gas phase of the ions Na + , K + and Ca 2+ (A) with one ligand (M=OH -, H2O, CH3OH, CH3SH, CO, OCH2, CH3CO2 -, NH3, PH3 and NMA ), coordinated by the most electronegative atom, were calculated based on the chemical reaction presented on Eq. S1. This second training set tries to mimic the same type of chemical coordination present in the biological ion-protein ligands. Figure S15 shows that the mean absolute deviation for all functionals and all basis sets stays close to or below 10 kcal/mol. Differently from the atomization results, the Def2-SVP basis set presented the worst results compared to G4. The basis sets 6-31+G**, 6-31++G**, CEP-121 and DFTB3/3OB method have the same average tendencies with mean absolute deviations close to or below 5 kcal/mol, as presented on Figure S15 . It seems that the binding energy prediction is less sensitive to the type of the basis set but the 6-311++G(2d,2p) presented the best performance for the prediction of G4 binding energies on all functionals, Figure S15 and S16.
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Figure S15: mean and standard absolute deviations of the binding energies of 30 small reactions considering G4 method as standard reference.
Figure S16 shows, on a better precision scale, how similar are the mean absolute deviations between the 6-31+G**, 6-31++G** and CEP-121 basis sets for all functionals and the DFTB3/3OB method. The double hybrid functional with the 6-311++G(2d,2p) basis presented the best quality results for the prediction of the G4 binding energies for the studied systems. Only with the 6-311++G(2d,2p) basis set was it possible to get some differences amongst all employed functionals, for the other basis sets all the functionals presented the same trends. From Table S14 to S25 are presented the individual values for each ion, ligand, functional and basis set. The large dispersion of the data is especially due to the Ca 2+ ion in the complexes with NMA, CH3CO2
-and OH -. The deviation of some Ca 2+ complexes is larger than 20 kcal/mol as presented in Tables S14 to S25 to the 6-31+G**, 6-31++G** and CEP-121 basis set. The mean absolute deviation of CEP-121 is a little larger than the results obtained for 6-31+G** and 6-31++G** but the standard absolute deviation of CEP-121 is around 1 kcal/mol lower than 6-31+G** and 6-31++G** results. B3LYP results are very close to those obtained with M11 for 6-311++G(2d,2p) and only around 0.5 kcal/mol worse than those obtained with a double hybrid functional. The average trends observed for 6-31+G**, 6-31++G** and CEP-121 are almost the same over all functionals, no improvements were observed in using M11 or a double hybrid functional with this basis set to predict the G4 binding energies of the studied systems. Table S8 : Atomization energies on G4 electronic reference and their absolute deviation on different functionals on Def2-SVP basis set and the mean absolute deviation (μ) and standard deviation (σ) for each functional in the Def2-SVP basis set. All values are expressed in kcal/mol. G4 optimized molecular structure were used in all calculations. Table S9 : Atomization energies on G4 electronic reference and their absolute deviation on different functionals on 6-31+G** basis set and the mean absolute deviation (μ) and standard deviation (σ) for each functional in the 6-31+G** basis set. All values are expressed in kcal/mol. G4 optimized molecular structure were used in all calculations. Table S10 : Atomization energies on G4 electronic reference and their absolute deviation on different functionals on 6-31++G** basis set and the mean absolute deviation (μ) and standard deviation (σ) for each functional in the 6-31++G** basis set. All values are expressed in kcal/mol. G4 optimized molecular structure were used in all calculations. Table S11 : Atomization energies on G4 electronic reference and their absolute deviation on different functionals on 6-31++G(2d,2p) basis set and the mean absolute deviation (μ) and standard deviation (σ) for each functional in the 6-31++G(2d,2p) basis set. All values are expressed in kcal/mol. G4 optimized molecular structure were used in all calculations. Table S12 : Atomization energies on G4 electronic reference and their absolute deviation on different functionals on CEP-121 (SBKJC-ECPs) basis set and the mean absolute deviation (μ) and standard deviation (σ) for each functional in the CEP-121 (SBKJC-ECPs) basis set. All values are expressed in kcal/mol. G4 optimized molecular structure were used in all calculations. Table S13 : Atomization energies on G4 electronic reference and their absolute deviation on different functionals on SDD (Stuttgart-ECPs) basis set and the mean absolute deviation (μ) and standard deviation (σ) for each functional in the SDD (Stuttgart-ECPs) basis set. All values are expressed in kcal/mol. G4 optimized molecular structure were used in all calculations. Table S15 : Binding energies on G4 electronic reference and their absolute deviation on different functionals with Grimme's D3 dispersion scheme on Def2-SVP basis set and the mean absolute deviation (μ) and standard deviation (σ) for each functional in the Def2-SVP basis set. All values are expressed in kcal/mol. G4 optimized molecular structure were used in all calculations. Table S16 : Binding energies on G4 electronic reference and their absolute deviation on different functionals on 6-31+G** basis set and the mean absolute deviation (μ) and standard deviation (σ) for each functional in the 6-31+G** basis set. All values are expressed in kcal/mol. G4 optimized molecular structure were used in all calculations. Table S17 : Binding energies on G4 electronic reference and their absolute deviation on different functionals with Grimme's D3 dispersion scheme on 6-31+G** basis set and the mean absolute deviation (μ) and standard deviation (σ) for each functional in the 6-31+G** basis set. All values are expressed in kcal/mol. G4 optimized molecular structure were used in all calculations. Table S18 : Binding energies on G4 electronic reference and their absolute deviation on different functionals on 6-31++G** basis set and the mean absolute deviation (μ) and standard deviation (σ) for each functional in the 6-31++G** basis set. All values are expressed in kcal/mol. G4 optimized molecular structure were used in all calculations. Table S19 : Binding energies on G4 electronic reference and their absolute deviation on different functionals with Grimme's D3 dispersion scheme on 6-31++G** basis set and the mean absolute deviation (μ) and standard deviation (σ) for each functional in the 6-31++G** basis set. All values are expressed in kcal/mol. G4 optimized molecular structure were used in all calculations. Table S20 : Binding energies on G4 electronic reference and their absolute deviation on different functionals on 6-311++G*(2d,2p) basis set and the mean absolute deviation (μ) and standard deviation (σ) for each functional in the 6-311++G(2d,2p) basis set. All values are expressed in kcal/mol. G4 optimized molecular structure were used in all calculations. Table S21 : Binding energies on G4 electronic reference and their absolute deviation on different functionals with Grimme's D3 dispersion scheme on 6-311++G(2d,2p) basis set and the mean absolute deviation (μ) and standard deviation (σ) for each functional in the 6-311++G(2d,2p) basis set. All values are expressed in kcal/mol. G4 optimized molecular structure were used in all calculations. Table S22 : Binding energies on G4 electronic reference and their absolute deviation on different functionals on CEP-121 (SBKJC-ECPs) basis set and the mean absolute deviation (μ) and standard deviation (σ) for each functional in the CEP-121 (SBKJC-ECPs) basis set. All values are expressed in kcal/mol. G4 optimized molecular structure were used in all calculations. Table S23 : Binding energies on G4 electronic reference and their absolute deviation on different functionals with Grimme's D3 dispersion scheme on CEP-121 (SBKJC-ECPs) basis set and the mean absolute deviation (μ) and standard deviation (σ) for each functional in the CEP-121 (SBKJC-ECPs) basis set. All values are expressed in kcal/mol. G4 optimized molecular structure were used in all calculations. Ion  G4  PBE BLYP PBE0 B3LYP TPSS M11 B2PLYP B2K-PLYP B2T-PLYP B2GP-PLYP  OH   -Na   + Table S24 : Binding energies on G4 electronic reference and their absolute deviation on different functionals on SDD (Stuttgart-ECPs) basis set and the mean absolute deviation (μ) and standard deviation (σ) for each functional in the SDD (Stuttgart-ECPs) basis set. All values are expressed in kcal/mol. G4 optimized molecular structure were used in all calculations. Ion  G4  PBE BLYP PBE0 B3LYP TPSS M11 B2PLYP B2K-PLYP B2T-PLYP B2GP-PLYP  OH   -Na   + Table S25 : Binding energies on G4 electronic reference and their absolute deviation on different functionals with Grimme's D3 dispersion scheme on SDD (Stuttgart-ECPs) basis set and the mean absolute deviation (μ) and standard deviation (σ) for each functional in the SDD (Stuttgart-ECPs) basis set. All values are expressed in kcal/mol. G4 optimized molecular structure were used in all calculations.
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